Formation of 7 / / (958)-mesic nuclei and axial /7a (1) anomaly at finite density 
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We discuss the possibility to produce the bound states of the 77' (958) meson in nuclei theoretically. 
We calculate the formation cross sections of the r\ bound states with the Green function method for 
(7,p) reaction and discuss the experimental feasibility at photon facilities like SPring-8. We conclude 
that we can expect to observe resonance peaks in (7,p) spectra for the formation of r\ bound states 
and we can deduce new information on rj properties at finite density. These observations are believed 
to be essential to know the possible mass shift of 77' and deduce new information of the effective 
restoration of the chiral Ua(1) anomaly in the nuclear medium. 
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In the contemporary hadron physics, the light pseu- 
doscalar mesons (n, K, 77) are recognized as the Nambu- 
Goldstone bosons associated with the spontaneous break- 
ing of the QCD chiral symmetry. In real world, these 
mesons, together with heavier 7/(958) meson, show the 
involved mass spectrum, which are believed to be ex- 
plained by the explicit flavor SU (3) breaking due to cur- 
rent quark masses and the breaking of the axial Ua(X) 
symmetry at the quantum level referred as the /7a (1) 
anomaly 0,0- One of the most important subjects in 
hadron physics at present is to reveal the origin of the 
hadron mass spectra and to find out the quantitative de- 
scription of hadron physics from QCD . 

Recently, there are several very important develop- 
ments for the study of the spontaneous breaking of chiral 
symmetry and its partial restoration at finite density. To 
investigate the in-medium behavior of spontaneous chiral 
symmetry breaking, the hadronic systems, such as pionic 
atoms 0, 0, 77-mesic nuclei Q, @ and w-mesic nu- 
clei , have been investigated in both of theoretical and 
experimental aspects. Especially, after a series of deeply 
bound pionic atom experiments flfl lllj . K. Suzuki et 
al. reported the quantitative determination of pion de- 
cay constant f„ in-medium from the deeply bound pionic 
states in Sn isotopes and stimulated many active re- 
searches of thepartial restoration of chiral symmetry at 
finite density jlHElElEi- 

However, as for the behavior of the Ua(X) anomaly 
in the nuclear medium, the present exploratory level is 
rather poor. Although some theoretical results have been 
reported, there exists no experimental information on 
the possible effective restoration of the Ua(X) anomaly 
at finite density. T. Kunihiro studied the effects of the 
Ua (1) anomaly on 77' properties at finite temperature us- 
ing the Nambu-Jona-Lasinio model 15] with the KMT 
term 0,0], which accounts for the J7a(1) anomaly ef- 
fect, and showed the possible character changes of 77' at 
T =/= 0. There is another theoretical work with a linear a 
model 0] . Theoretical predictions by other authors also 
reported the similar consequences [lSj, |2fJ and supported 
the possible change of the 7/ properties at finite density 
as well as at finite temperature. 

In this paper, we propose the formation reaction of 
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FIG. 1: Momentum transfer as functions of incident parti- 
cle energies for the (a) (7,p) and (b) (d, 3 He) reactions. Each 
line indicates the momentum transfer corresponding to the 
Ty'-mesic nucleus formation with different binding energy as 
shown in the figure. As for comparison, the momentum trans- 
fer for the pionic atom formation case is also shown. 



the 7/-mesic nuclei and discuss the possibility to produce 
the 77'-nucleus bound states in order to investigate the 77' 
properties, especially mass shift, at finite density. Since 
the huge 77' mass is believed to have very close connection 
to the £^4(1) anomaly, the 77' mass in the medium should 
provide us important information on the effective restora- 
tion of the V symmetry in the nuclear medium. 

In this study, we consider missing mass spectroscopy, 
which was proved to be a powerful tool for the meson 
bound states formation in the studies of deeply bound 
pionic states. In this spectroscopy, one observes only an 
emitted particle in a final state, and obtains the double 
differential cross section d 2 a/dfl/dE as a function of the 
emitted particle energy. In order to consider appropriate 
reaction for this system, we show momentum transfers as 
functions of incident particle energies for the (7,p) and 
(d, 3 He) reactions in Fig. ^ The (d, 3 He) reaction has 
been used experimentally for the deeply bound pionic 
states formation 

B E3, E3, and the (7,p) reaction 
was proposed theoretically for the meson bound states 
formation [2^, I23L E^] . As we can see from the figure, 
because of the large 77' mass, we need to have larger inci- 
dent energies than other meson formation cases to reduce 
the momentum transfer so as to have larger production 
rates. We think that the (7,p) reaction with GeV photon 
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(a) V = MeV, W = -5 MeV 
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FIG. 2: The calculated spectra of 12 C(7,p) n B<g)?7' reaction at 
E n = 3 GeV are shown as functions of the excited energy E ex 
defined in the text. Eq is the rj production threshold energy. 
The ?/-nucleus optical potential are (a) Vo = 0, Wo = —5 MeV 
and (b) V = -100 MeV, Wo = -5 MeV. The total spectra 
are shown by the thick solid lines, and the dominant contri- 
butions of subcomponents are shown by dotted and dashed 
lines, as indicated in the figure. The vertical lines indicate the 
rj production threshold energy with the ground p 3 / 2 proton- 
hole configuration (solid line) and the excited s\/i proton-hole 
configuration (dotted line) in the final states. 



FIG. 3: The calculated spectra of 12 C(7,p) 11 B(g)77 / reaction at 
E~j — 3 GeV are shown as functions of the excited energy E ex 
defined in the text. Eo is the rj production threshold energy. 
The jy'-nucleus optical potential are (a) Vo = 0, Wo = —20 
MeV and (b) Vo = -100 MeV, W = -20 MeV. The to- 
tal spectra are shown by the thick solid lines, and the dom- 
inant contributions of subcomponents are shown by dotted 
and dashed lines as indicated in the figure. The vertical lines 
indicate the rj' production threshold energy with the ground 
P3/2 proton-hole configuration (solid line) and the excited S1/2 
proton-hole configuration (dotted line) in the final states. 



beam is the appropriate reaction for our purpose since it 
can be performed in existing facilities like SPring-8. We 
adopt the (7,p) reaction as a suitable one for the r/-mesic 
nuclei formation. 

We choose the incident photon energy as E 1 — 3 GeV, 
which is the beam energy accessible at SPring-8, and 
choose 12 C as a target nucleus. We use the Green func- 
tion method to calculate the formation cross sections 25) 
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where S(E) is the nuclear response function and 
(<fn)p(7 p w * s ^ ne elementary cross section in the labora- 
tory frame, which is estimated to be 150 nb/sr usin g th e 
data of SAPHIR collaboration and its analysis |27j . 
We sum up all (proton-hole) (£> (^'-particle) configurations 
to get the total cross section in Eq. QJ. 

To calculate the response function S(E), we use the 



Green function G(E;r,r') defined as [2f 

1 



G(E;r,r') = (p-'\^,(r) 



E-H v , + ie Tr > 



^(r'JIjT 1 ), (2) 



where (j> , is the rf creation operator and is a proton 
hole state. The Hamiltonian H v ' contains the //-nucleus 
optical potential U. We can rewrite Eq. (J2J in a simple 
expression as, 

G(E; r,r')= £ Y*, ^ (f)Y lv , , m<? , (?)G lv , (25; r, r') 



(3) 



G l t (E; r, r') = -2«v*«V (*> r<)v\ + ) (k, r>), (4) 



where u^, and v^^ respectively are the radial part of 
the regular and outgoing solutions of equation of motion. 
Using the Green function, the response can be calculated 
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d 3 rdad 3 r'da'p{r, a)G(E; r, r')f(r', a). (5) 



We define f(r,a) as 

f(r,a)= X }(r)q. m M) (?) ® ^>,^)] ^ Xi (r), 

(6) 

where x» an d X/ respectively denote the projectile and 
the ejectile distorted waves, ^ is the proton hole wave- 
function and £ is the spin wavefunction introduced to 
count possible spin directions of the proton in the target 
nucleus. The numerical values of S(E) were evaluated 
by using the eikonal approximation as in Ref. pjj . 

The ^'-nucleus optical potential V(r) is assumed to 
have the following form as, 



U(r) = (Vo + iW ) 



P( r ) 



(7) 



where p(r) is the nuclear density distribution and po de- 
notes the nuclear saturation density. We treat Vq as a 
parameter and estimate its reasonable running range us- 
ing the theoretical evaluation of the 77' mass shift at po as 
V = 150 MeV [II El El . We estimate the imag- 
inary strength Wq from analysis of jp —> rj'p data [29j. 
Since they included only TV* (1535) as a baryon resonance 
in the analysis of the 77' formation reaction and deter- 
mined rj'NN* (1535) coupling strength, we can easily cal- 
culate the 77' self-energy in the medium in analogy with 
the A-hole model for the 7r-nucleus system as, 
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We use the values as —5 MeV and —20 MeV for the 
imaginary part Wo based on this evaluation in Eq. |jSJ. 
We should mention here that the evaluation in Eq. (JSJ 
provides the repulsive real part which is opposite to the 
evaluation from the 77' mass shift. If the real potential 
is repulsive, we do not have any peak structure in the 
(7,p) spectra due to the bound state formation. By the 
(7,p) experiments proposed in this paper, we can expect 
to distinguish these potentials and to determine the sign 
and strength of the //-nucleus optical potential. 

In Fig. |21 and El we show the calculated spectra as 
functions of the excited energy which are defined as, 
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+ [Sptip) - S p (p 3/2 )}, 



(9) 



where is the 77' binding energy and S p the proton 
separation energy. The 77' production threshold energy 
Eq is indicated in the figure by the vertical solid lines. 



We calculate four cases with Vo — and Wq = —5 
MeV in Fig. Ufa), V = -100 MeV and W = -5 MeV 
in Fig. 13b), Vo = and Wo = -20 MeV in Fig. Eft), 
and V = -100 MeV and W = -20 MeV in Fig. Eft), in 
order to simulate the sensitivities of the reaction spectra 
to the complex potential strength within the reasonable 
parameter range discussed above. 

As we can see from these figures, we can expect to 
observe the peak structure in the spectra due to the for- 
mation of the 77'-mesic nucleus even in the case with the 
strong imaginary potential (Fig. EJ), and we can expect 
to deduce the magnitude of the 77' mass shift at finite nu- 
clear density from the observed spectra. The evaluated 
imaginary part of the 77'-nucleus potential is small enough 
and the resonance peaks are expected to be clearly sep- 
arated each other. The absolute magnitude of the for- 
mation cross section is reasonably large and the spectra 
expected be observed in experiments at SPring-8 30]. 

The present evaluation is the first theoretical results 
for the formation of the ?7'-mesic nuclei to know the be- 
havior of Ua(1) anomaly in the medium. We believe 
that the present theoretical results is much important to 
stimulate both theoretical and experimental activities to 
study the Ua(1) anomaly at finite density and to obtain 
the deeper insights of QCD symmetry breaking pattern 
and the meson mass spectrum. 
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